This study is concerned with the characterization of oxide layers formed on Ni-free stainless-steel and the immobilization of a silane coupling agent, i.e. -aminopropyltriethoxysilane (APS). The Ni-free stainless-steel was oxidized at three different temperatures, 800 K, 1000 K and 1200 K in air, and then the APS molecules were immobilized on the surface at room temperature. The surface of the samples was characterized by X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). The composition of surface oxides formed through the oxidizing treatment was identified to be two types of oxide, namely Fe 2 O 3 and Cr 2 O 3 . The atomic ratio of Cr to Fe+Cr increased with an increase in the oxidizing temperature. The amounts of APS immobilized on each surface followed the sequence of 1200 K < 1000 K < 800 K of the oxidizing temperature. It was found that the surface oxide formed at 800 K is the best carrier of APS under these conditions. It is apparent that Fe 2 O 3 is more easily fixed by APS than Cr 2 O 3 .
Introduction
Stainless-steel is widely used as metallic biomaterial because of low cost, good mechanical properties, and high contrast in X-ray images. 316L stainless-steel mainly contains Fe (balance), Cr (18%), Ni (12.0%) and Mo (2.5%). Chromium, nickel and molybdenum enhance the strength and corrosion resistance of 316L stainless-steel. However, 316L stainless-steel is sometimes corroded in the human body so that some metallic ions are released. These ions could cause metallic allergy and toxicity. Especially, nickel and its salts are very toxic. Therefore, in order to solve these problems, Ni-free stainless-steel has been developed. [1] [2] [3] Since Ni-free stainless-steel contains less nickel, the possibility of metallic allergy and toxicity is decreased. To enhance the strength and corrosion resistance of Ni-free stainless-steel, nitrogen is added instead of nickel. It has been reported that the strength and corrosion resistance of Ni-free stainless-steel are greater than those of 316L stainless-steel. [3] [4] [5] In addition, Ni-free stainless-steel has been reported to have higher biocompatibility than 316L stainless-steel. 6) Thus, Ni-free stainlesssteel is useful for biomedical applications.
Surface functionalization of materials through the immobilization of biofunctional molecules such as protein and polysaccharide is an effective way to obtain biocompatible materials. Many researchers have focused on the surface modification of metallic materials. The immobilization of biofunctional molecules could lead to cell compatibility, blood compatibility, antibacterial properties or even drugloading/releasing properties. Silane coupling agents, i.e., -aminopropyltriethoxysilane (APS), are commonly employed to form covalent bonds between organic molecules and inorganic materials, such as metallic oxides. Also, silane coupling agent coatings on metal oxides enhance fatiguecrack resistance. 7) Therefore, surface immobilization of silane coupling agents on Ni-free stainless-steel leads to a wide range of applications of steel for biomedical fields.
In this study, we controlled the oxide layers on Ni-free stainless-steel and optimized the immobilization of APS on the oxide layers of the steel. The composition of the surface oxide layers was evaluated by depth profile with X-ray photoelectron spectroscopy (XPS). The relation between the oxide layers and the APS immobilization is discussed.
Experimental
Ni-free stainless-steel containing Fe (balance), Cr (24%), Mo (1.1%) and N (5.1%) was used. The surface of the Ni-free stainless-steel was electrolytically polished. The samples were washed successively with 0.1 M NaOH for 30 min three times, ionized water for 30 min three times, and acetone for 30 min. The oxidizing treatment for the samples was performed at three temperatures, 800 K, 1000 K and 1200 K for 2 h in air. The temperature ramp rate was 20 K/min. The oxidized samples were soaked in a toluene (Wako Pure Chemical, Osaka, Japan) solution containing 0.5 wt% -aminopropyltriethoxysilane (APS, NH 2 (CH 2 ) 3 Si(OC 2 H 5 ) 3 ; Sigma-Aldrich Co., St. Louis, MO, USA) up to 24 h at room temperature. After rinsing with toluene, ethanol and ionized water, the samples were heated at 393 K for 10 minutes.
The surface morphology and surface area were measured by atomic force microscopy (AFM; Digital Instruments Inc., Santa Barbara, CA, USA). The scanned area for the samples was 1 Â 1 mm. The values of the relative surface area were expressed as surface area against scanned area. The surface area was quantified using the software (Nano Scope ver. 4.1) supplied by the manufacturer. The surface composition and depth profiles of the oxide layers formed on the Ni-free stainless-steel were examined by X-ray photoelectron spectroscopy (XPS; QuanteraSXM system, Physical Electronics Inc., Chanhassen, MN, USA). The instrument was equipped with a monochromatic X-ray source (Al K anode). The diameter of the analyzed spot was 100 mm. The depth profiles were collected under argon-ion-sputtering (2.0 kV). The sputter rate was estimated to be about 5 nm/min on the basis of the thickness of SiO 2 . The quantification of elements was conducted using the software and sensitive factors supplied by the manufacturer. The amount of APS immobilized on the oxidized surface of the Ni-free stainless-steel was also estimated by XPS. Figure 1 shows the AFM images for the oxidized samples. On each oxidized surface, the grain growth was observed. As the effect of oxygen activity increases with temperature, the grain size increased with the oxidizing temperature. Figure 2 shows the values of relative surface area of the oxidized samples. The relative surface area of the oxidized samples was in the order of 800 K < 1000 K < 1200 K. Figure 3 shows Fe2p and Cr2p XPS spectra for the oxidized samples. The peaks at 711.0 eV and 724.8 eV in Fig. 3(a) were assigned to Fe 2p 3=2 and Fe 2p 1=2 , respectively. On the other hand, the peaks at 577.0 eV and 586.1 eV in Fig. 3(b) were identified as Cr 2p 3=2 and Cr 2p 1=2 , respectively. These peaks demonstrated that the main components of the oxidized sample surface were Fe 2 O 3 and Cr 2 O 3 . Peaks identified as Fe 0 and Cr 0 were hardly detected. These results support the fact that the oxides which formed on the Ni-free stainless-steel fully covered the surface with Fe and Cr oxides. The surface composition of the oxidized samples is shown in Table 1 . Carbon, silicon and nitrogen were detected on the oxide samples in addition to oxygen, iron and chromium. The surface composition of the oxidized samples was different at each temperature. The ratio of Cr to Fe+Cr increased with the oxidized temperature. Figure 4 shows the depth profiles of the oxidized sample surface. As shown in Table 1 , the higher the oxidizing temperature was, the more Cr was diffused from the bulk to the surface. This is determined by the diffusion constant of the metal atoms. 8, 9) Ni-free stainless-steel with an austenitic ly. 10) A comparison of the diffusion constants between Fe and Cr in -Fe leads to the fact that Cr diffuses more easily to the outer oxide layer than Fe at higher temperatures. Thus, the oxide layer which formed at 1000 K and 1200 K was mainly composed of Cr 2 O 3 , whereas that at 800 K favored Fe 2 O 3 . Figure 5 shows the APS concentration immobilized on the surface. The concentration of Si increased with sample soaking time in APS. In regard to temperature, the concentration of Si followed the sequence 800 K > 1000 K > 1200 K. It was found that the surface oxidized at 800 K is the best carrier of APS under these conditions. As the relative surface area followed the sequence 1200 K > 1000 K > 800 K, the value of the relative surface area is not the main factor to immobilize APS on the surface. Figure 6 exhibits the relation between the APS concentration immobilized on the surface in 24 h and the ratio of Cr to Fe+Cr. The ratio of Si is a monotonic decrease with an increase in the ratio of Cr. It was found that the surface oxidized at 800 K is the best carrier of APS under these conditions. It is apparent that Fe 2 O 3 is more easily coated by APS than Cr 2 O 3 . The immobilization of silane coupling agents on metal oxides, such as titanium, iron, aluminium or cobalt oxides, has been reported elsewhere. 11, 12) Silane coupling agents are considered to bond to the oxide surface through a condensation reaction between the silanol groups of the agents and hydroxyl groups of the oxides. 
Results and Discussion

Conclusion
Fe 2 O 3 and Cr 2 O 3 were formed on Ni-free stainless-steel by oxidizing treatment. The ratio of Cr to Fe+Cr varied depending on the treatment condition and was due to the difference in the diffusion constants between Fe and Cr. The concentration of APS immobilized on the oxide surface decreased with the ratio of Cr to Fe+Cr. Therefore, it was supposed that APS could be more easily coated on Fe 2 O 3 than on Cr 2 O 3 of the oxide layer formed on Ni-free stainlesssteel. 
